Sustaining ecological functions as biodiversity changes will be a major challenge in the 21st century [1] . However, our understanding of the relationship between biodiversity and ecosystem function is still emerging on tropical coral reefs [2] , where reef-building corals form highly productive assemblages [3, 4] and species respond in different ways to their neighbors [5] and their environment (e.g., water flow) [6] . Experimental coral communities were assembled to quantify the performance of coral colonies with and without neighbors and in the presence of conspecifics versus heterospecifics. Under higher flow, we identified a positive effect of coral species richness on primary productivity (gross and net photosynthesis) indicated by a 53% increase in productivity in multispecies assemblages (2-4 species) relative to monocultures. Productivity in monocultures was predicted by surface areas associated with different species morphologies. In contrast, multispecies assemblages maintained high levels of productivity even in the absence of the most productive species, reflecting non-additive effects of species richness on community functioning. Assemblage performances were regulated by positive and negative interactions between colonies, with many colonies performing better among heterospecific neighbors than in isolation (facilitation). Facilitation occurred primarily among flow-sensitive taxa with simple morphologies and did not occur under lower flow, suggesting that modifications to flow microclimates by corals generated beneficial, interspecific interactions. Our results show that competition and facilitation among neighbors may be important mechanisms regulating coral assemblage productivity in variable environments. Furthermore, shifts in the diversity and identity of neighbors can impair these interactions, with potentially widespread consequences for coral community functioning.
RESULTS AND DISCUSSION
The importance of species richness and composition for ecosystem function is widely acknowledged across a range of ecosystems, matching and often exceeding the importance of environmental variables such as nutrient availability or climate [7] . However, the mechanisms linking taxonomic diversity to ecosystem function can vary depending on the system and on the functional traits of the species in question [8] . Ecosystem functions, such as productivity, nutrient cycling, and trophic interactions, can be strongly affected by species with particular trait values, such as large body sizes [9] , fast growth rates [10] , unique feeding strategies [11] , or high biomass or nutrient contents [12] , which can enhance the functioning of diverse assemblages. Alternatively, biodiversity can enhance ecosystem functions by increasing the range or diversity of traits within assemblages [8] , leading to a more complete utilization of resources [13, 14] , or by generating beneficial interactions between species [15] . Emerging evidence indicates that such synergies are common in ecosystems, often occurring when functionally distinctive taxa modify the biotic or abiotic environment and subsequently increase the performance of others (facilitation) [16, 17] .
Tropical coral reefs are renowned for their high productivity per unit area [18] , and coral assemblages typically maintain high community metabolic rates [3, 4] , providing energetic input for critical reef functions such as calcification and habitat construction. Productivity is known to vary considerably among reef habitats [19, 20] ; however, the influence of coral diversity and composition on productivity is poorly understood. In this study, our aim was to quantify the interactions between coral individuals, species, and functional groups and to identify a mechanistic link between coral diversity and assemblage productivity in the context of environment conditions. Communities were assembled in experimental flumes with comparable metabolic activity to natural reef communities (Figures 1A and S1) and were composed of eight distinctive yet common coral taxa from shallow reef environments, representing a diverse mix of functional traits. Differences in photosynthetic productivity were quantified among eight monocultures and 60 multispecies (mixed) assemblages with distinct taxonomic and functional compositions. We focused on water flow velocity (7.0 cm s À1 and 3.5 cm s À1 ) as a key environmental parameter regulating how species composition affects productivity because of the known interactions between water flow, morphological complexity, and metabolism [6, 21] .
Manipulations of species composition in our experimental coral assemblages revealed a significant positive effect of species richness on primary productivity when water flow velocity was fixed at 7.0 cm s À1 (representative of moderate flow speeds on reefs [22, 23] ). Net photosynthetic productivity (photosynthesis minus respiration) in mixed communities of two or four species was, on average, 53% greater than in monocultures ( Figure 1B ), and gross productivity (photosynthesis including respiration) was, on average, 18% greater ( Figure S2 ). The average net productivity of mixed assemblages exceeded the productivity of all monocultures, except for monocultures of densely branching Acropora, which was the most productive single-species assemblage due to the high tissue surface area of colonies ( Figures 1B and 1C ). We found no effect of species richness on community-level respiration, suggesting that higher productivity in mixed assemblages was primarily a result of increased rates of photosynthesis ( Figure S2 ). The observed value of net productivity for mixed assemblages was significantly greater than the productivity expected under a null model of additive species contributions projected from the productivity of monocultures (diversity effect D p = 44%, paired t = 11.21, d.f. = 60, p < 0.001). This non-additive effect of species richness on productivity (often described as ''overyielding'') is widely observed in other marine systems where greater numbers of species can enhance short-term photosynthetic activity [24] or long-term biomass accumulation [25, 26] , often through resource partitioning or facilitation.
The productivity of assemblages was positively associated with the total surface area of living tissue present in our flumes (calculated using 3D reconstructions and influenced by colony size and morphology). However, the relationship between community-aggregated tissue surface area and productivity was considerably stronger for monocultures than for mixtures (linear regression: R 2 = 0.58, p < 0.05 and R 2 = 0.03, p > 0.05, respectively; Figure 1C ) and was also strong among colonies measured individually (polynomial regression: R 2 = 0.72, p < 0.001; Figure 2A) . At the assemblage level, studies have speculated on the relationship between 3D tissue area and productivity based on isolated observations in situ [19, 27] and simulations [28] ; however, the relationship has never been experimentally quantified. Across the spectrum of coral morphologies in our analysis, the greater than 2-fold increase in aggregated surface area generated a proportional increase in the net productivity of monocultures ( Figure 1C ) and an exponential increase in the productivity of individual colonies (Figure 2A ). In mixed assemblages, however, productivity was greater than expected based solely on tissue areas and was more variable, suggesting that additional processes affect productivity in mixtures ( Figure 1C ). The accuracy of predictions of individual-colony and monoculture productivity based on coral tissue surface area is comparable to that of plant leaf traits (e.g., specific leaf area), which are used as single-trait indicators of ecosystem function in terrestrial communities [29] . Nevertheless, consistent with our results, studies of plant communities show that single-trait metrics often generate less-reliable predictions in diverse communities where species interactions can distort the relationship between individual traits and function [8] .
Competition versus Facilitation
Under higher flow, the productivity of groups of coral colonies was often lower than expected based on the sum of the productivity of each colony measured individually (negative values in Figure 2B ), indicative of competition between colonies. In monocultures, combining colonies into groups of four instead of measuring them in isolation (described here as ''neighbor interactions'') had a consistent, negative effect on community productivity (35% decrease on average), with relatively small differences in the strength of negative interactions between monocultures of different species (ranging from À48% to À19%). In contrast, in mixed-species assemblages, the negative effect of neighboring colonies was significantly weaker (À5% on average) and was considerably more varied (ranging from À54% to +43%). Indeed, in some mixed assemblages, neighboring colonies had a positive effect on productivity (positive values in Figure 2B ). Thus, competition between colonies was lower, on average, among heterospecifics than among conspecifics, and in some cases, the presence of heterospecifics allowed colonies to perform better than they would in isolation. To the best of our knowledge, these results provide the first evidence for interspecific facilitation of photosynthetic productivity among corals. In addition, the results support previous observations that intraspecific competition can be greater than interspecific competition among corals [30, 31] .
Each of the taxa included in our analysis had a unique combination of morphological and physiological traits (summarized by a principal-components analysis [PCA] explaining 60% of trait variation; Figure 2C ) and therefore had the potential to influence their surrounding biotic and abiotic environment in distinct ways. For instance, branching colonies (e.g., Acropora millepora) had high tissue surface area and high productivity, whereas mound-shaped colonies (e.g., Lobophyllia and Goniastrea) had low surface area and low productivity ( Figure 2A ). In addition, each coral taxon had unique colony dimensions (height and width) and different branching structures (height, width, density, and spacing; Figure 2C ) with the potential to influence downstream water flow, turbulence, and nutrient delivery to other colonies [32] . Analysis of the pairwise interactions between taxa in mixed assemblages indicated that, under higher flow treatments, the strongest negative interactions occurred in assemblages containing highly productive, densely branching Acropora (species 3 in Figure 2D ). In contrast, positive interactions occurred more frequently in assemblages that contained pairs of taxa with relatively low productivity, such as those with massive, staghorn, or foliose morphologies ( Figure 2D ). Facilitation therefore occurred primarily in the absence of the most productive species, allowing mixed assemblages with comparably low tissue surface areas to maintain high levels of productivity ( Figures 1 and 2C-D) .
Evidence for facilitation and its role in ecosystem function is rapidly emerging in a range of systems and often occurs when key taxa alter the immediate local environment in a way that benefits other taxa [15] [16] [17] . We suggest that facilitation is the primary mechanism regulating differences in productivity between monocultures and mixtures in our experiment for three reasons. First, the diversity effect (Dp) reveals that neither aggregated tissue surface area nor the additive productivity of colonies in monocultures accurately predicted the productivity of those same colonies when combined in mixed-species assemblages (Figure 1 ). This indicates that it is not merely the inclusion of highly productive species (i.e., the ''sampling effect'') that enhances productivity in mixed assemblages, because if that were the case, there would be little or no deviation from the productivity of their component species in monocultures. Second, productivity was often higher when colonies were placed in multispecies groups rather than in isolation ( Figure 2B ). Moreover, these positive interactions were common, occurring in 45% of multispecies assemblages. Finally, our results are consistent with other facilitative systems in which taxa with low-performance monocultures benefit the most from the presence of other species (Figures 2C and 2D ). Congruent results have been observed in marine and terrestrial plant communities, where slow-growing taxa typically show the greatest increase in growth when put into mixtures, because they are otherwise limited by unfavorable conditions or a lack of resources [26, 33] .
Environmental Regulation of Neighbor Interactions
Water flow velocities on reefs are highly variable in space and time. Although maximum recorded flow rates on shallow reefs can be very high for short time periods (e.g., 144 cm s À1 tidal flow on Enewetak Atoll [18] ), average recorded flow rates generally fall between 1 and 15 cm s À1 [22, 23] . To assess the effect of variation in water flow regimes on neighbor interactions, we remeasured the productivity of the same assemblages under reduced flow (3.5 cm s À1 ). At the lower flow rate, the difference in productivity between monocultures and mixtures was reduced from 53% to 23%. The non-additive effect of species richness (i.e., the difference between measured productivity and null expected productivity based on monocultures) remained positive and statistically significant (D p = 18%, paired t = 7.78, d.f. = 60, p < 0.001) but was diminished under lower flow conditions ( Figure 3A) . The facilitation that occurred in mixed assemblages under high flow was also diminished (Figure 2D) , with the average effect of neighboring colonies in facilitative assemblages (above the positive threshold in Figure 2B ) dropping from positive (15%) under high flow to negative (À5%) under low flow ( Figure 3B) . In contrast, the strength of interactions in assemblages with competition under high flow (below the negative threshold in Figure 2B ) remained unchanged when flow was reduced ( Figure 3C ). Water flow, therefore, can alter the relationship between species richness and community productivity on coral reefs by influencing neighbor interactions. Specifically, water flow promotes facilitation in a subset of diverse reef assemblages, while others exhibit negative interactions that are unaffected by flow ( Figures 3B and 3C) .
Colony productivity increased under lower flow, and this increase was largest (approximately 40%) among low-surfacearea colonies with massive or staghorn morphologies (Figure 3D ). This is contrary to expectations based on physiological first principles, because decreased flow should decrease diffusion of photosynthetic gases between coral tissue and seawater and thereby reduce productivity [6, 22] . The cause of the increase in colony productivity under reduced flow is unknown, although other experimental studies report similar results when O 2 concentrations are high [34] , and similar results have been observed in situ when irradiances are high [23] . The colonies that benefited from reduced flow were more likely to experience positive interactions when placed in mixed assemblages. This was shown by a significant positive relationship (Table S1 ; linear mixed effects model (LME) flow effect, p < 0.01, model R 2 = 0.41) between the occurrence of facilitation between neighbors and the ''flow sensitivity'' of colonies-i.e., the degree to which colony productivity changed under reduced flow ( Figure 3E ). Thus, facilitation between neighbors occurred only when flow was high and primarily among morphologically simple taxa that benefited from reduced flow, suggesting that beneficial modifications to flow by corals were primarily responsible for facilitation in our experiment. In contrast, taxa with high tissue surface areas, such as digitate or bushy colonies, were less affected by flow and were associated more with negative interactions that remained unchanged at different flow speeds ( Figures 3C-3E) . The cause of these negative interactions may involve the creation of ''stagnant zones'' of no flow between colonies or, possibly, chemical interference (allelopathy) [30] .
Biodiversity-ecosystem function relationships in the wild are regulated by resource availability, resource heterogeneity, climate conditions, and physical stress, each of which can alter the performance of particular species and modify species interactions [33, 35] . In our experiment, increased species richness of corals was most beneficial for productivity under high water flow, because taxa that had increased photosynthesis under lower flow rates benefited from the presence of other species. This phenomenon is equivalent to microclimatic facilitation in terrestrial plant communities, in which local humidity, salinity, or temperature is modulated by key species for the benefit of their immediate neighbors [15] . For example, under arid conditions, drought-sensitive plants are most likely to show an increase in biomass when placed in mixed communities, because other taxa regulate the local humidity [33] . Our results indicate that facilitation could occur in natural conditions on coral reefs where functionally diverse assemblages create complex flow microhabitats that enhance the productivity of flow-sensitive taxa. Indeed, the intrinsic complexity of reef communities is known to promote nutrient uptake by dissipating current or wavegenerated energy at reef-wide scales [36] . We therefore suggest that the regulation of diversity-productivity relationships by flow is likely to be widespread in coral assemblages where different morphologies react to or influence flow in different ways [6, 32] .
Conclusions
Reefs of the future will almost certainly contain a different mix of species to those of today. In the coming decades, climate change and other human activities are likely to alter the abundance, growth, and fitness of corals [2] . Indeed, vulnerable species are already declining rapidly and over large scales, leaving behind a restricted set of functional forms that are often lacking in important attributes such as fast growth rates or 3D morphologies [37] . Such findings suggest that loss of biodiversity may be an important driver of shifts in productivity and functioning of reefs [38] , ultimately affecting critical functions such as calcification [21] , geological reef growth [39] , and the net accumulation of biomass [40] . Our results show that changes in diversity and composition of corals may be an important driver of shifts in the performance and functioning of reef assemblages, which are often highly reliant on photosynthesis for energetic input [18] . Morphological traits such as tissue surface area may accurately predict productivity in large, monospecific stands. However, productivity in multispecies assemblages may be influenced by the species richness and functional identity of neighbor corals, which can regulate the type of interactions between colonies in relation to the surrounding flow environment. In mixed assemblages under moderate flow, the hierarchy of functional contributions among species in broke down, and seemingly ''redundant'' species with lower productivity benefited, or were benefited by, other taxa. Quantifying species interactions in variable environments is therefore essential to understand the consequences of ongoing shifts in marine biodiversity and the drivers of ecosystem function in current and future assemblages of species.
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Detailed methods are provided in the online version of this paper and include the following: 
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pump (AQUAPRO AP1050) for higher flow rates and a small 240V-5.5W pump (AQUACLEAR 30) for lower flow rates. We quantified distinct fast and slow flow rates of approximately 7.0 and 3.5 cm s -1 respectively through the visual tracking of colored dye across a fixed distance of 30 cm within flume chambers. Repeated analysis of the rate of flow of dyes in four chambers on two occasions gave estimates (mean ± s.e.) of 6.95 ± 0.41 cm s -1 for higher flow rates and 3.43 ± 0.11 cm s -1 for lower flow rates. These flow rates correspond to dimensionless Reynolds numbers (UD/v where U = flow speed, D = the hydraulic diameter of flumes, v = the viscosity of seawater [21] ) of 10,640 and 5,320 for higher and lower flow respectively, and 9,450 and 4,725 for individual colonies (where D = the average diameter of colonies). When colonies were assembled in flumes, regular distances of 5 -10 cm were kept between each colony, and the positioning of colonies was determined using a randomly assigned values of one to four (upstream to downstream). The influence of colony ordering within flumes on assemblage productivity was not found to be significant (data not shown).
METHOD DETAILS
Colony surface area and morphology The total surface area of colonies was calculated using 3D reconstruction [46] , whereby 120 photos for each colony were used to generate points in 3D space using the alignment software VisualSFM [41] , and a calibrated 3D surface was generated from points (including a scale bar) using the processing software MeshLab [42] . While these techniques are widely used for coral colony reconstruction, the precision of models decreases with more finely branching morphologies, possibly leading to slight underestimations of surface area in these groups (see [46] for discussion). Other morphological dimensions, such as planar surface areas and branching dimensions (e.g., height, width, density, and spacing), were quantified using image analysis in ImageJ version 1.51h [43] or measured directly from colonies. Tissue biomass values (Ash-Free Dry Weight, AFDW) were taken from subsamples of each colony at the end of the experiment by removing and homogenizing the tissue, placing 8ml of slurry into a freeze dryer for 48 hours (Christ, Alpaa 1-1 LO plus), incinerating in a muffle furnace at 550 C, and then dividing the weight of the ash by the surface area of the subsample.
Community metabolism
Net primary productivity of assemblages in the flume chambers was measured using oxygen respirometry under recirculating flow, in which photosynthetic O 2 production was logged using optical dissolved O 2 probes (Hach company, Colorado USA, model LDO101) placed downstream of coral colonies ( Figure 1A) , and connected to portable data loggers (Hach company, Colorado USA, model HQ30D). Probes were calibrated twice per week using air-bubbled seawater as 100% saturation values. The linear increase in O 2 concentration over a 1-hour period (i.e., the rate of oxygen production due to photosynthesis in mg m -3 hr -1 ) was then determined from the data. For productivity measurements, each assemblage was measured twice, and the average photosynthesis rate was calculated from these replicate measurements. Respiration rates were measured using one-hour incubations of assemblages in darkness (after daylight hours), allowing gross primary productivity to be calculated by the sum of light-O 2 production and dark O 2 -depletion. A literature search was conducted to compare the productivity of our flume chambers with natural reef habitats observed in situ (see Supplementary Information). To ensure that the observed metabolic rates in flume chambers were comparable with other studies, hourly changes in the concentration of oxygen in the flume chambers (in mg m -3 hr -1 ) were normalized to per unit area rates (in mg m -2 hr -1 ) by multiplying rates of change by the volume of seawater (0.038 m 3 ), and dividing by the planar area of the chambers (0.1 m 2 ) occupied by the coral colonies. Metabolic rates measured in the flumes were comparable to data from natural coral-dominated environments recorded in situ over timescales of hours to days ( Figure S1 ), suggesting that the productivity patterns observed in experimental assemblages are consistent with natural reef communities.
QUANTIFICATION AND STATISTICAL ANALYSIS
Diversity effects
The effect of species richness on net-productivity was calculated as the difference between the observed productivity of mixtures and the expected productivity of mixtures when projected from monocultures [47] . Thus, the diversity-effect on productivity D p can be expressed by:
where P O is the observed productivity of a mixture, a i is the proportion of species i in the mixture, and M i is the productivity of monoculture i. Proportions (a i ) were calculated from the fraction of the total planar area occupied by species i within the mixture. The second term on the right-hand side of the above equation therefore indicates a null expectation of productivity under additive contributions of species, based on their performance in monocultures. Diversity-effects (D p ) are presented as a percentage of this expected productivity.
Neighbor interactions
To identify positive and negative interactions occurring between neighboring colonies, we tested the productivity of individual colonies alone in the flume chambers, and compared them with the performance of colonies in groups. Individual colonies were Current Biology 28, 3634-3639.e1-e3, November 19, 2018 e2 placed in the center of the flume and productivity was measured by following the same protocols as described above. The impact of neighboring colonies was then quantified as the difference between the productivity of combined assemblages and the expected productivity given by the sum of individuals incubated separately. Thus, neighbor interactions N p can be expressed by:
where P O is the observed productivity of a mixture or monoculture, and P j is the productivity of individual j measured separately. Neighbor interactions are presented as a percentage of the expected productivity (i.e., the second term in the right-hand side of the above equation). Differences between assemblage productivity and the sum of their individual colonies were either driven by neighbor interactions or by random variability between the two assemblages. To distinguish true neighbor interactions from random variability, we calculated a threshold of 8% given by the average absolute difference in productivity between of pairs of identical replicate assemblages (see community metabolism). We define facilitation as any assemblage in which positive neighbor interactions greater than 8% occurred and competition as any assemblage in which negative neighbor interactions less than À8% occurred. Two analyses were used to link the composition of assemblages to neighbor interactions. First, we plotted interactions in coral trait space to identify species or traits that influenced, or were influenced by others. To generate the coral trait space, we quantified the functional traits of each colony, and created a trait space based on a principal component analysis (PCA). We focused on traits which could potentially influence productivity or water flow. These were (1) colony planar area, (2) colony height, (3) colony rugosity (surface area to planar area ratio), (4) interstitial space size, (5) branch density, (6) branch length, (7) branch width, and (8) tissue biomass. The first two axes of the PCA explained 39.2% (PC1) and 20.4% (PC2) of variation in colony traits. For each pair of species, we identified all assemblages in which both species occur (6 -8 assemblages per species pair), and found the mean neighbor interaction, allowing us to plot the pairwise interactions between species in trait space. For the second analysis, we used linear mixed effects models (LMEs) to test the statistical relationship between key traits and neighbor interactions. The predictors used were maximum surface area and the average flow-sensitivity of colonies (calculated as the change in colony productivity when flow is reduced from 7.0 to 3.5 cm s -1 ). The model selected (based on AIC values) had no interactions between the two fixed effects, and included one random effect (flume chamber). All analyses were done using the statistical program R [44] . LME models were produced using the function lmer in package lme4. We tested the strength of the model using r 2 values generated using the package MuMIn. Outputs for the model are presented in Table S1 .
DATA AND SOFTWARE AVAILABILITY
Assemblage and colony level data is deposited online and available for download at the Tropical Data Hub (https://research.jcu.edu. au/researchdata/default/detail/d92d106258f6584fcfb880d79d5e6e10).
